Background
Although cardiac CT can identify coronary stenosis, very little data exist on the ability to detect stress-induced myocardial perfusion defects in humans.
Methods
Thirty-four patients who had a nuclear stress test and invasive angiography were included in the study. Dualsource computed tomography (DSCT) was performed as follows: 1) stress CT: contrast-enhanced scan during adenosine infusion; 2) rest CT: contrast-enhanced scan using prospective triggering; and 3) delayed scan: acquired 7 min after rest CT. Images for CTA, computed tomography perfusion (CTP), and single-photon emission computed tomography (SPECT) were each read by 2 independent blinded readers.
Results
The DSCT protocol was successfully completed for 33 of 34 subjects (average age 61.4 Ϯ 10.7 years; 82% male; body mass index 30.4 Ϯ 5 kg/m 2 ) with an average radiation dose of 12.7 mSv. On a per-vessel basis, CTP alone had a sensitivity of 79% and a specificity of 80% for the detection of stenosis Ն50%, whereas SPECT myocardial perfusion imaging had a sensitivity of 67% and a specificity of 83%. For the detection of vessels with Ն50% stenosis with a corresponding SPECT perfusion abnormality, CTP had a sensitivity of 93% and a specificity of 74%. The CTA during adenosine infusion had a per-vessel sensitivity of 96%, specificity of 73%, and negative predictive value of 98% for the detection of stenosis Ն70%.
Conclusions
Adenosine stress CT can identify stress-induced myocardial perfusion defects with diagnostic accuracy comparable to SPECT, with similar radiation dose and with the advantage of providing information on coronary stenosis. Although cardiac computed tomography (CT) has shown very good diagnostic accuracy for the detection of coronary artery disease (CAD), the physiologic significance of many lesions can be uncertain (1) . Furthermore, the presence of calcified atherosclerotic plaque reduces the ability to differentiate significant stenosis from nonobstructive plaque.
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Thus, invasive angiography or perfusion imaging by singlephoton emission computed tomography (SPECT), positron emission tomography, or magnetic resonance imaging (MRI) are often better suited for accurately identifying obstructive or physiologically significant disease in these patients.
Extensive data regarding the prognostic value of myocardial perfusion imaging (MPI) have shown that the amount of infarcted and ischemic burden correlates with long-term outcomes and can help decide which patients are best suited for revascularization versus medical therapy (2, 3) . It follows that the ability to combine anatomical data from computed tomography angiography (CTA) together with the physiological significance provided by perfusion may be beneficial (4, 5) .
The ability of CT to identify rest myocardial perfusion defects (i.e., areas of myocardial infarction) has been shown in both animal and human studies (6 -10) . Such studies have shown that areas of hypoenhanced regions on multidetector CT correspond directly to perfusion defects visualized on MRI and areas of myocardial infarction seen on triphenyl tetrazolium chloride staining. These and other studies showed that iodinated contrast agents used in CT have similar kinetics to gadolinium used in MRI (11) . Thus, imaging performed immediately after contrast administration shows areas of hypoenhancement corresponding to a perfusion defect (i.e., delayed wash-in of contrast) and delayed imaging acquired 5 to 10 min after contrast administration may show regional delayed hyperenhancement corresponding to areas of myocardial necrosis or scar (i.e., delayed wash-out of contrast) (11) . More recently, animal models of stenosis and preliminary human studies have shown that CT can also diagnose areas of ischemic myocardium under adenosine-induced stress (12) (13) (14) .
The feasibility and accuracy of performing a comprehensive CT examination incorporating coronary imaging, stress and rest myocardial perfusion, and delayed enhancement (DE) imaging in humans is unknown. Therefore, we sought to determine the feasibility and diagnostic accuracy of adenosine mediated stress dual-source computed tomography (DSCT) in identifying hemodynamically significant stenosis as compared with nuclear MPI using invasive angiography as the reference standard.
Methods
Patient population. Eligible participants for the study included 767 consecutive patients in our institution who were Ն40 years of age, underwent a nuclear stress test, and were referred for or had a high likelihood to undergo invasive angiography. Assessment for eligibility was based on screening the following 2 populations: 1) all patients scheduled to undergo clinically indicated invasive angiography who have had a prior nuclear MPI within the previous 3 months; and 2) all patients who underwent nuclear MPI and were found to have high-risk features (i.e., high likelihood to be referred for invasive angiography). Reasons for exclusion included unstable clinical status, acute coronary syndrome, asthma, critical aortic stenosis, and known allergy to iodinated contrast. Figure 1 summarizes the patient flow and specific reasons for exclusions. The CT results were blinded and were not provided to the referring physician, and thus did not influence the decision to undergo cardiac catheterization. The study was approved by an institutional review board (Partners Health Care System), and all subjects gave informed consent. Image acquisition: comprehensive CT protocol. Patients were instructed not to consume any caffeine for at least 24 h before the scan. On arrival, 2 intravenous lines were inserted (18 gauge for contrast delivery; 20 gauge for adenosine infusion). Given that commonly used medications in cardiac CT (i.e., nitroglycerin, beta-blockers) may have an impact on myocardial perfusion (15) , no medication other than adenosine was administered.
The CT was performed on the 64-slice DSCT scanner (Definition, Siemens Medical Systems, Forchheim, Germany) with a gantry rotation time of 330 ms. A flying focus along the z-axis (z-sharp technology) was used to acquire 64 overlapping 0.6-mm slices using two 32-detector rows. The resulting temporal resolution was 83 ms. Figure 2 shows the CT protocol involving the stress, rest, and DE acquisitions. After scout images were obtained, contrast timing was determined with the use of a test bolus of 10 to 15 ml of contrast. Flow rate for the test bolus and for image acquisition was typically 4 to 5 ml/s and was followed by a 20-ml flush of saline. Subsequently, for both the stress and rest scans, image acquisition timing was determined by adding 2 to 4 s to the time of peak contrast enhancement in the ascending aorta to allow perfusion of the myocardium.
After the test bolus, adenosine infusion was started at 140 g/kg/min. A retrospectively gated scan with tube current modulation and pitch adaptation was obtained 3 min after the initiation of the infusion. Tube voltage (kV) and current (mAs) were chosen based on the patient's body habitus. Although 120 kV was used for the majority of patients, 100 kV was used for those with a body mass index Ͻ30 kg/m 2 who were nonobese (i.e., weight Ͻ220 lbs).
Typical contrast dose for this portion of the examination was 65 ml of iopamidol delivered at a rate of 4 to 5 ml/s. Throughout the infusion, patient symptoms, heart rate, blood pressure, and electrocardiogram were monitored by a cardiologist. Table 1 summarizes the CT scan parameters.
Immediately after the stress CT, the adenosine infusion was discontinued. On symptom resolution and return of heart rate to baseline (typically 5 min), the rest CT scan was obtained. To reduce radiation exposure, rest CT used prospective triggering (Sequential Scanning, Siemens Medical Systems) at 65% of the RR interval (16) . The rest CT used the same tube voltage and a similar tube current as the stress scan. As was also the case for the stress CT scan, tube current was chosen individually for each patient based on body habitus. The typical contrast dose for this portion of the examination was 65 to 75 ml of iopamidol delivered at a rate of 4 to 5 ml/s.
To detect areas of DE, a third scan was then performed 7 min after the rest scan. The following actions were used to reduce radiation dose: 1) 100 kV for all but 1 patient, who received 80 kV; 2) collimation was increased from 0.6 to 1.2 mm; and 3) prospective triggering at 65% of the RR interval. The tube current (mA) used for the DE scan was similar to the value chosen for the rest scan. Nuclear stress testing. All nuclear SPECT examinations were performed according to standard institutional clinical protocols. Among the 34 study participants, 12 underwent adenosine SPECT MPI, whereas the remaining 22 had exercise SPECT MPI. Among the 22 exercise stress tests, the average exercise time was 7 min and 10 s and the average workload achieved was 7.8 METs. The average percent of maximal predicted heart rate (MPHR) was 85.2%. Thirteen patients (3 of whom had Յ85% MPHR) developed chest pain during the examination.
An adequate stress test was defined as: 1) achieving Ն85% of MPHR; 2) any test using adenosine; or 3) patient developing chest pain during exercise testing. Although only 54% of exercise tests achieved MPHR Ն85%, 79% of stress tests were considered adequate. None of the patients who failed to achieve an adequate test had significant electrocardiogram changes during exercise.
Patients were injected with 10 mCi of 99m Tc sestamibi at rest, and SPECT images were acquired with a dual-detector gamma camera, with 64 projections, each for 20 s, in a noncircular 180°orbit. In addition, an exercise or pharmacological stress test (intravenous adenosine infusion at 140 g/kg/min for 5 min) was performed with 30 mCi of 99m Tc sestamibi. After 30 to 60 min, gated SPECT images were obtained and assessed for myocardial perfusion. Image processing and interpretation. S P E C T M P I . A l l SPECT MPI images were analyzed by 2 experienced Certification Board of Nuclear Cardiology-certified independent readers (L.S. and W.M.), and any areas of discrepancy were then resolved by a third experienced senior reader (H.G.). Using the 17-segment model recommended by the American College of Cardiology/ American Heart Association/American Society of Nuclear Cardiology (17) , semiquantitative visual assessment of myocardial perfusion was performed using a 4-point scoring system (0 ϭ normal, 1 ϭ mild reduction of radioisotope uptake, 2 ϭ moderate reduction of radioisotope uptake, 3 ϭ severe reduction of radioisotope uptake). For each patient, summed rest score and Of 767 patients meeting inclusion criteria, 369 were excluded; 42 patients completed the computed tomography (CT) stress perfusion scan, out of which 34 also underwent invasive angiography. ACS ϭ acute coronary syndrome; CABG ϭ coronary artery bypass grafting surgery; ECG ϭ electrocardiogram.
summed stress score were calculated by adding the corresponding scores of the 17 segments for the rest and stress images.
INVASIVE ANGIOGRAPHY.
All invasive coronary angiography images were sent to an offsite core laboratory (Harrington McLaughlin Heart and Vascular Institute, Case Western Reserve University, Cleveland, Ohio), where blinded quantitative coronary assessment was performed for the entire coronary system (CAAS II system, Pie Medical, Maastricht, the Netherlands) to determine the percent stenosis of each coronary segment.
COMPUTED TOMOGRAPHY PERFUSION (CTP).
Before evaluation of perfusion, raw data were used to reconstruct stress, rest, and DE datasets at 65% of the RR interval using an extra smooth filter (Siemens B10) with slice thickness of 0.7 mm and overlap of 0.4 mm.
To ensure appropriate and consistent coregistration of all images, internal fiducial markers (e.g., mitral annular ring, left ventricular apex, pulmonary vasculature) and spatial localization coordinates available in the software (Circulation, Siemens) were used to coregister the stress, rest, and DE images.
For each dataset, a double oblique technique was used to create true short-axis, 10-mm-thick multiplanar reformats images. Thicker slices were chosen because the increased voxel size results in decreased image noise and improves contrast resolution for visualization of normal and ischemic/ infarcted myocardium.
For assessment of CTP analysis, the standard American College of Cardiology/American Heart Association See the Methods section for detailed explanation. After scout images and test bolus were performed, adenosine infusion was started at 140 g/kg/min. Three minutes later, a contrast-enhanced stress perfusion scan was acquired using retrospective gating and tube current modulation. Once the heart rate returned to baseline, the rest perfusion scan was acquired. This was a contrast-enhanced scan using prospective triggering. Approximately 7 min later, a low tube voltage, prospectively triggered delayed enhancement scan was acquired. Adenosine-Induced Stress CT 17-segment model was used. Semiquantitative persegment analysis was performed by simultaneous visualization of short-axis images obtained from stress, rest, and delayed acquisitions. Narrow window and level settings were used (typically W200, L100), although the reading physician was allowed to adjust these display settings as needed. After initial evaluation of thick multiplanar reformat short-axis images, readers were allowed to examine multiphase cine data from the stress CT scan (available in 2-chamber, 4-chamber, and short-axis views). Subsequently, global and regional wall motion abnormalities were noted. In addition, any areas of questionable perfusion defects were examined in both systolic and diastolic phases to differentiate potential artifacts (e.g., defect only present on 1 phase) from true perfusion defects (e.g., defect present on multiple phases and can be seen during both systole and diastole) and potentially associated to an area of regional wall motion abnormality (6, 18) . By using this methodology, approximately 20% of potential defects were ultimately classified as artifacts.
CT Perfusion Scan Parameters
All CT stress, rest, and DE images were independently analyzed by 2 experienced readers (R.B. and R.C.C.) who were blinded to all patient and clinical data, including CT coronary angiographic findings. A joint consensus reading session was then performed to resolve any discrepancies, and consensus was achieved in all cases.
Each of the 17 segments was scored based on the absence or presence of a perfusion defect. Perfusion defect severity was graded as transmural (Ͼ50%) versus nontransmural (Ͻ50%). Reversibility was defined as follows: 0 ϭ none, 1 ϭ minimal, 2 ϭ partial, 3 ϭ complete.
For each dataset (i.e., stress, rest, DE), image quality was determined by use of a subjective scale: 1 ϭ poor, 2 ϭ moderate, 3 ϭ good, 4 ϭ excellent.
CTA. Raw data obtained during the stress CT was used to reconstruct images at every 10% of the cardiac cycle length using a standard cardiac filter (Siemens B26f) with slice thickness of 0.7 mm and overlap of 0.4 mm. The resulting multiphase dataset was used for CTA analysis. Of note, by design, our rest acquisition was optimized solely for the evaluation of myocardial perfusion (i.e., no nitroglycerin was administered because it has the potential to alter perfusion hemodynamics [15] and data were acquired during a single narrow phase of 65%).
The CTA analysis was performed by 2 experienced readers (L.S. and I.R.) who were blinded to all patient and clinical data, including CT and SPECT perfusion data. Whenever joint agreement could not be achieved, consensus was established by use of a third senior reader (R.C.C.). Each segment was graded as follows: 0 ϭ normal, 1 ϭ mild disease (1% to 40%), 2 ϭ moderate disease (41% to 70%), 3 ϭ significant stenosis or occluded (71% to 100%), or 4 ϭ uninterpretable. Subjective image quality (1 ϭ poor, 2 ϭ moderate, 3 ϭ good, 4 ϭ excellent) was noted for each segment. Matching of perfusion-based segments to corresponding vascular territory. To ensure correct association of the 17 myocardial segments with the correct vascular territory, angiographic visualization of vessel dominance was used to decide which vessel supplies the inferior and inferoseptal territories. In addition, depending on whether obtuse marginal or diagonal branches supplied the anterolateral wall, either the left circumflex or left anterior descending vessel was designated as supplying the basal and mid anterolateral wall. Determination of reference standard. For all patients, obstructive CAD on invasive angiography (stenosis 
Ն50% or 70%) was defined as the primary reference standard against which CTP and SPECT-MPI were compared.
Recognizing the limitations of comparing perfusion defects with anatomical stenosis, CTP was compared with SPECT MPI. Moreover, the following additional reference standards were tested: 1) any vessel that had Ն50% stenosis and a corresponding perfusion defect; and 2) any vessel that had Ն50% stenosis or a corresponding perfusion defect. Radiation dose. Effective radiation dose for each component of the DSCT examination (stress, rest, and DE) was calculated by multiplying the dose-length product provided by scan console by a constant (k ϭ 0.017 mSv/mGy/cm). To estimate radiation dose for SPECT MPI, total megabecquerel was converted to millisievert. Statistical analysis. Data analysis was performed using Stata IC version 10.0 (StataCorp LP, College Station, Texas). All continuous variables were expressed as mean Ϯ SD, whereas categorical variables were expressed as percentage. Differences in continuous variables were assessed using Student paired t tests. The McNemar test was used to calculate differences between proportions (i.e., sensitivity and specificity) obtained from paired observations. The area under the receiver-operator characteristic curve (C-statistic) was calculated for all diagnostic testing strategies for which a gold standard was available. The C-statistics were compared using the ROCCOMP statistic (StataCorp LP). A p value Ͻ0.05 was considered statistically significant.
Results

Patient population.
Among the 34 study participants, the average age was 61.4 Ϯ 10.7 years, 82% were male, 32% had diabetes, 88% had hypertension, and 85% had dyslipidemia. The prevalence of obesity was 41%, and the average body mass index was 30.4 Ϯ 5.4 kg/m 2 . There was a high prevalence of CAD: 64% had documented history of angina, 35% had a prior myocardial infarction, and 38% had a prior revascularization procedure (Table 2) . Invasive angiography. On invasive angiography, 25 (74%) patients had Ն50% stenosis and 17 (50%) patients had Ն70% stenosis in at least 1 coronary vessel. When considering the extent of disease, 13 (38%) patients had single-vessel disease, 7 (21%) had double-vessel disease, and 5 (15%) had triple-vessel disease. On a per vessel basis, 41% of the 102 vessels studies had Ն50% stenosis, whereas 22% had Ն70% stenosis. SPECT MPI findings. On SPECT MPI, 26 (76%) of the 34 patients and 38 (37%) of the 102 vascular territories had perfusion abnormalities during stress. Of 38 vascular territories with abnormal SPECT MPI, 9 (24%) were fixed, 15 (39%) were fully reversible, and 14 (37%) were partially reversible. The average summed stress score was 5.5, and the average summed rest score was 2.9. 
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Adenosine-Induced Stress CT Feasibility of comprehensive CT protocol. Adenosineenhanced stress CT was completed for all 34 patients within 27 Ϯ 24 days after SPECT imaging. For 1 patient the rest and DE scans were not performed because of persisting angina after the adenosine DSCT stress examination. Table 1 displays the scan parameters of each portion of the CT protocol. With the use of adenosine, the average heart rate increased from 68 Ϯ 11 beats/min at rest to 79 Ϯ 13 beats/min at stress, whereas the average heart rate variability (defined as maximum heart rate minus minimum heart rate during acquisition) decreased from 19 to 14 beats/min. Correspondingly, the average image quality was 3.4 Ϯ 0.7 for rest scans and 3.1 Ϯ 0.7 for stress scans (p Ͻ 0.001).
The average radiation exposure for the complete DSCT protocol was 12.7 Ϯ 4.0 mSv and did not differ from SPECT (12.7 Ϯ 0.4 mSv; p ϭ 0.99) (Fig. 3) . CTA. Among the 34 CTA examinations, 11 (32%) patients had at least 1 nonevaluable segment. The most common reason for limited evaluation was the presence of extensive calcium. The average image quality for CTA was 2.5. Among the patients who had fully interpretable scans, 3 were normal, 4 had mild disease (Յ40% stenosis), 4 had moderate disease (41% to 70% stenosis), and 12 (52%) had severe stenosis or an occluded vessel (Ͼ70% stenosis). When the nonevaluable segments were considered to represent severe disease, 23 (68%) patients were categorized as having severe CAD. Diagnostic accuracy of CTA. When nonevaluable segments were considered to have significant disease, CTA had a sensitivity of 0.76 and 0.91 and specificity of 0.85 and 0.73 for detection of vessels with at least 50% and 70% stenosis, Values for sensitivity, specificity, PPV, and NPV presented with 95% confidence intervals. CT ϭ computed tomography; MPI ϭ myocardial perfusion imaging; NPV ϭ negative predictive value; PPV ϭ positive predictive value; SPECT ϭ single-photon emission computed tomography.
Diagnostic Accuracy of CTP With SPECT as Reference Standard for All Subjects (n ‫؍‬ 34) Table 4 Diagnostic Values for sensitivity, specificity, PPV, and NPV presented with 95% confidence intervals. *Includes 33 patients who completed the CT rest perfusion scan. CTP ϭ computed tomography perfusion; other abbreviations as in Table 3 .
respectively. Correspondingly, the negative predictive value was 0.84 and 0.97 for excluding lesions with at least 50% and 70% stenosis. When confining this analysis to only evaluable segments, the corresponding sensitivity, specificity, positive predictive value, and negative predictive value were 0.70, 0.94, 0.89, and 0.84, respectively, for detecting Ն50% stenosis and 0.88, 0.83, 0.54, and 0.97, respectively, for detecting Ն70% stenosis. DSCT stress perfusion and SPECT MPI. Figures 4 and  5 illustrate examples of CT perfusion images and how they correlate to nuclear perfusion imaging. CT stress perfusion defects were identified for 26 of 34 patients (76%) and 45 of 102 vascular territories (44%). Of the 169 segments with adenosine-induced perfusion defects, 89 (53%) were graded as nontransmural, whereas the remaining 80 (47%) segments were graded as transmural. Of the 44 vascular territories with abnormal CT stress perfusion for which CT rest images were obtained, 11 (25%) were fixed, 12 (27%) were fully reversible, and 21 (48%) were partially reversible.
On a per-patient basis, CTP had a sensitivity of 0.92 and a specificity of 0.67 for the detection of stenosis Ն50% and a sensitivity of 0.94 and specificity of 0.41 for the detection of stenosis Ն70%. For the same patients, SPECT had an identical sensitivity and specificity for the detection of stenosis Ն50% and Ն70% (Table 3) . Table 3 shows the per-vessel diagnostic accuracy of CTP and SPECT among the 34 subjects included in the study. When stenosis of Ն50% on invasive angiography was used as the reference standard, the sensitivity and specificity were 0.79 and 0.80 for CTP and 0.67 and 0.83 for SPECT (p ϭ 0.10 for differences in sensitivity, p ϭ 0.52 for differences in specificity). On the other hand, when stenosis of Ն70% on invasive angiography was used as the reference standard, the sensitivity and specificity were 0.86 and 0.68 for CTP and 0.73 and 0.73 for SPECT (p ϭ 0.25 for differences in sensitivity, p ϭ 0.32 for differences in specificity). Thus, CTP showed equivalent sensitivity and specificity as compared with SPECT. Furthermore, for both modalities, when a reference standard of 70% was used rather than 50%, the sensitivity of perfusion for identifying anatomical stenosis increased and the specificity decreased. Consequently, the negative predictive values of excluding at least 70% stenosis were 0.95 for CTP and 0.91 for SPECT.
There was no significant difference when comparing the C-statistic (equal to the area under the receiver-operator characteristics curve) with SPECT and CTP for discriminating between patients with and without significant stenosis. 
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Adenosine-Induced Stress CT When the reference standard was defined as vessels that had both stenosis Ն50% and a corresponding SPECT perfusion abnormality, CTP had a sensitivity of 0.93 and specificity of 0.74. On the other hand, when the reference was defined to include all vessels with either stenosis Ն50% or a corresponding SPECT perfusion abnormality, CTP had a sensitivity of 0.75 and a specificity of 0.88. DSCT stress and rest perfusion using SPECT MPI as a reference. Table 4 provides the diagnostic accuracy of stress and rest CTP to identify perfusion defects using SPECT imaging as the reference standard. On a per vascular territory basis, stress CT had a reasonable accuracy in identifying defects visualized on stress nuclear MPI. Similarly, perfusion defects identified on rest CT identified rest nuclear MPI defects, although the accuracy of rest CT seemed to be better for defects in the left anterior descending distribution than those present in the right coronary artery or left circumflex distribution. DE. Myocardial DE was visualized in 17 of the 33 patients who completed the protocol (see example in Fig. 6 ). The quality of DE images was 2.8 Ϯ 0.8 and was significantly lower than the corresponding score for the stress or rest images. On a per patient level, the accuracy of CT DE to detect resting perfusion defects on SPECT was good, with a sensitivity of 0.82, specificity of 0.81, positive predictive value of 0.82, and negative predictive value of 0.81. When this comparison was confined to the 16 DE scans that were thought to have good or excellent quality (i.e., image quality score Ն3), the sensitivity was 1.00 and the specificity was 0.89. All 17 patients who had evidence of DE had rest CTP defects; however, there were 4 patients who had rest perfusion defects who did not have any evidence of DE. In all of these cases the rest perfusion defects were nontransmural. In addition, none of these 4 patients had a history of MI or percutaneous coronary intervention, and none of these 4 patients had any perfusion defects on rest nuclear perfusion imaging.
Discussion
In one of the first human studies of adenosine-mediated stress DSCT, we showed the feasibility of a novel cardiac CT protocol that combines stress and rest MPI together with coronary CTA in a single examination. Furthermore, we showed that CT stress MPI has comparable diagnostic accuracy to SPECT in detecting hemodynamically significant stenosis. Importantly, in this comprehensive CT protocol information on coronary anatomy, stress perfusion, rest perfusion, function, and DE was available with an average radiation exposure that was equivalent to SPECT.
Nuclear perfusion imaging has revolutionized the field of cardiovascular imaging because it has allowed for an accurate noninvasive method to detect physiologically significant Figure 5 Example of CT Perfusion Identifying Multivessel Disease
A 60-year-old man with diabetes, dyslipidemia, hypertension, and a prior LAD stent who presented with chest pain. The CT perfusion (arrows) showed a perfusion defect throughout the anteroseptum, anterior, anterolateral, and inferolateral segments. On invasive angiography, the patient had severe disease in the proximal LAD and moderate stenosis in the left circumflex vessel. The SPECT study was read as normal with attenuation-related artifact in the inferior wall. It is likely that the apparently normal SPECT was caused by balanced myocardial ischemia. Abbreviations as in Figures 3 and 4 .
CAD while simultaneously providing robust prognostic information that can help determine the need for further patient management. Importantly, in appropriately selected patients, nuclear MPI has been shown to be an efficient and cost-effective strategy that can avoid the use of unnecessary invasive angiography (19) . Nevertheless, SPECT MPI has limitations because attenuation artifacts can lead to falsepositive findings while balanced ischemia in the setting of multivessel disease may result in false negatives. Given these considerations, a test that can provide both anatomical visualization of coronary stenosis together with an accurate physiological assessment of perfusion would be beneficial. Although our study only represents a limited experience, it suggests that CT could have an important role as a modality that would be able to simultaneously assess both anatomical CAD and its physiological consequences. CTP: pros and cons. An important advantage of CTP is the ability to simultaneously visualize both coronary anatomy and myocardial perfusion. In comparison to SPECT, CT has improved spatial resolution and may be better at detecting small areas of ischemia or infarction. Furthermore, CTP could offer improved accuracy for detecting multivessel disease because actual rather than relative blood flow patterns are assessed, thus avoiding false negatives that can occur in the setting of balanced myocardial ischemia. However, there are several limitations that are pertinent to CTP. First, as is also the case with nuclear-based perfusion imaging, patients are exposed to ionizing radiation. Although in our study the total effective dose was equal for SPECT and CT, the distribution of the dose among the different organs in the body will differ (20) . Second, in comparison to regular CTA, a larger volume of iodinated contrast is required as both rest and stress images are acquired. Third, there are artifacts, such as motion and beam hardening, that are unique to CT-based perfusion imaging.
Comparing anatomy and perfusion. There are several potential mechanisms that could explain minor discrepancies between the CTP findings and invasive angiography. For instance, some patients with previous myocardial infarction had perfusion defects but nonobstructive coronary anatomy (e.g., post-percutaneous coronary intervention or after a thrombus that spontaneously recanalized). In another case, a circumferential subendocardial perfusion defect was present during stress CT, although both invasive angiography and SPECT were negative (Fig. 7) . In this particular case, although all 3 vascular territories were classified as having a false-positive CTP, we suspect that microvascular disease was present and caused the apparent defect. The defect was not visualized with SPECT because it has a lower spatial resolution than CT. Given that in some subgroups of patients, the presence of microvascular disease (i.e., syndrome X) is associated with worse prognosis Figure 6 Example of Peri-Infarct Ischemia
A 63-year-old man with diabetes mellitus, hypertension, dyslipidemia, and prior myocardial infarction presented with near syncope. The CT perfusion (A) during adenosine infusion revealed a focal perfusion defect in the mid inferolateral segment. The rest CT showed a very small subendocardial perfusion defect in the same territory. Delayed-enhancement CT (B) showed subendocardial delayed enhancement along the inferolateral wall consistent with prior infarction in this region, smaller than the stress perfusion defect. On invasive angiography (C; right anterior oblique caudal projection), the patient had a subtotal occlusion of the mid left circumflex coronary artery. Nuclear SPECT imaging (D) also showed a small infarct in the inferolateral wall with peri-infarct ischemia. Abbreviations as in Figure 3 .
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Adenosine-Induced Stress CT (21, 22) , it may be important to recognize such findings. Finally, some defects visualized on CTP correlated with Ͻ50% stenosis on quantitative coronary assessment and were classified as false positive. Such cases serve as a reminder that the correlation between physiological significance of coronary disease and luminal stenosis is not perfect. Stress coronary CTA. Despite the increased heart rate observed during adenosine administration, the absence of nitroglycerin, and the large extent of calcified plaque in our patient population, we observed a reasonable accuracy of stress coronary CTA. That similar accuracy has been reported for rest CTA (23) implies that even during adenosine administration, it is still feasible to accurately identify anatomical stenosis with CTA. Given the higher temporal resolution associated with the DSCT, it remains to be seen whether this finding can also be validated in other scanners. CT DE. An additional aspect of our comprehensive protocol is that DE imaging was used. Although previous studies have shown the ability of CT DE to identify areas of prior myocardial infarction (24 -26) , none of these studies were performed as part of a stress perfusion protocol. In our study the added radiation dose of DE imaging was very low (average 1.2 mSv); however, the image quality of DE was significantly lower than both the stress and the rest examinations. In our protocol, DE was used together with the rest images to differentiate reversible from nonreversible ischemia; however, because rest perfusion defects were present for all patients who had DE, the added value of DE is uncertain. Thus, it remains to be seen if CT DE imaging adds additional information over CT rest perfusion imaging to be routinely incorporated as part of future stress perfusion protocols. Anticipated technological advances. Future technological advances in CT may enhance the diagnostic accuracy of CTP. Specifically, such improvements may include: 1) improved temporal resolution, which may reduce motion artifacts that are seen during increased heart rate induced by adenosine; 2) improved coverage in the z-axis, which may reduce slab and misregistration artifacts; 3) improved spatial resolution; and 4) improved reconstruction algorithms, for instance, iterative reconstruction algorithms may lead to further optimizing the signal-to-noise and contrast-to-noise ratios, improve resolution, and may be more resilient to motion artifacts. Study limitations. First, this is a single-center study, and thus it would be important to validate these results in other centers and in a multicenter fashion. Second, the assessment of nuclear perfusion studies in our study is somewhat limited by the fact that some patients had a suboptimal workload, which could result in reduced sensitivity of the SPECT MPI examination. Our study included patients with both known and suspected CAD. Although the inclusion of patients with known disease allowed us to investigate the use of perfusion imaging for detecting areas of infarction and ischemia, this also may present several dilemmas. For instance, patients who underwent a previous percutaneous revascularization in the setting of MI may have patent coronary arteries (caused by the presence of a stent) yet have infarcted myocardium. Nevertheless, CAD is An 84-year-old man with hypertension, dyslipidemia, and tobacco use who presented with pre-syncope. Evaluation of CT myocardial perfusion during adenosine infusion showed a circumferential subendocardial perfusion defect that on blinded reading was thought to represent multivessel disease. The SPECT MPI and invasive angiography did not reveal any significant disease. Given that the patient has multiple risk factors for microvascular disease, it is possible that the perfusion abnormalities identified in this case are consistent with microvascular disease in the absence of significant epicardial coronary artery disease. Abbreviations as in Figure 3 . a complex disease and many patients who present for an evaluation of suspected CAD have previously known disease. As such, it is important for any modality to be able to accurately evaluate such patients. Although the primary aim of our study was to assess the feasibility of a comprehensive CT protocol using vasodilator stress, we also reported and compared the diagnostic accuracy of CTP to SPECT MPI. In doing so, it is important to note that our study design is prone to selection and verification bias. Selection bias may be present in our design because recruited subjects generally had high-risk features on SPECT imaging. As such, many patients (but not all) had positive perfusion defects on SPECT MPI. This could bias the results toward higher false positives in the SPECT group; however, we found that false positives were slightly more common for CTP.
Finally, we showed that cardiac CT has an important potential future role in MPI for detection of myocardial ischemia. However, based on our single-center experience, at this time this technique should only be used as an investigational tool. Although future studies are needed to further define the diagnostic accuracy of combining CTA and CTP, in patients already undergoing cardiac CT for evaluation of coronary anatomy, rest perfusion defects, when present, can be very helpful in identifying areas of infarcted myocardium. Current and future research involving stress perfusion and DE will further define the future role of these developing techniques for the identification of ischemic and infarcted myocardium, respectively.
